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Abstract

This study develops and examines a multi-angle, multi-satellite method for determining effective cloud particle
shapes from reflectances observed at visible wavelengths. The technique exploits the significant differences in the
various cloud particle shape phase functions near the backscatter direction to infer particle shape from a
combination of views from a near-backscatter angle and a side scattering angle. Adding-doubling calculations
confirm that the optimal viewing combinations include one near-backscatter angle and another between 60° and
150°. Sensitivity to shape increases with solar zenith angle. A total of 28 collocated, visible images from pairs of
currently operating meteorological satellites with the desired viewing combinations were analyzed for particle
shape. Matching reflectances from images with optimal viewing angles clearly separates water droplet from ice
crystal clouds. Reflectance pairs from matched pixels containing ice crystals can be explained by the range of
selected microphysical models. The most common retrieved shapes correspond to combinations of hexagonal
compacts (aspect ratio of unity), hexagonal columns, and bullet rosettes. Although no single microphysical model
can account for the observed variability, taken together, the models used for retrieving cloud particle size by the
Clouds and the Earth's Radiant Energy System and the Moderate Resolution Imaging Spectroradiometer Projects
can account for most of the reflectance variability observed in this limited dataset. Additional studies are needed
to assess the uncertainties in retrieved shapes due to temporal and spatial mismatches, anisotropic and bright
background reflectances and calibration errors and to validate the retrieved shapes. While applicable to a limited
number of dual-satellite viewing combinations for current research and operational meteorological satellites, this
approach could be used most extensively to derive effective particle size, shape, and optical depth from a

combination of an imaging satellite in an L1 orbit, like Triana, and any other lower Earth orbiting satellites.



Introduction

Cirrus clouds play a major role in the Earth radiation energy balance and hydrological cycle. On average,
they cover more than 20% [Liao et al. 1995] of the Earth and interact with the radiation through two opposing
effects [Liou 1986]. They reflect incident solar radiation, and so tend to cool the Earth-atmosphere system.
Conversely, they intercept some or all of the infrared radiation emitted by the ground and the lower layers of the
atmosphere causing warming of the system. To accurately account for these radiative effects of cirrus clouds in
climate models while maintaining the correct amount of frozen water, it is necessary to understand both the
macrophysical (e.g., areal coverage, altitude, ice water path, temperature, and vertical extent) and microphysical
(e.g., particle size and shape distributions, orientation) properties of cirrus clouds. The size and shape distributions
govern the underlying optical properties (extinction efficiency, scattering phase function, single scattering albedo)
that, when combined with the macrophysical properties, determine the optical depth and, hence, the amount of
absorption, emission, and reflection. To simplify discussion and radiative transfer model execution, distributions
of cloud particle size and shape are usually replaced by effective size (radius or diameter) and effective shape,
respectively.  Although significant advances have been made both in establishing the spatial and temporal
distribution of cirrus cloud properties and in modeling the processes that produce cirrus clouds, the accuracies of
current cirrus property climatologies and the capability for simulating cirrus processes remain insufficient for
adequately accounting for cirrus clouds in climate models. One major source of uncertainty is the limited
knowledge of the spatial (vertical and horizontal) and temporal distributions of effective ice crystal shape. Remote
sensing from satellites is the only feasible way to derive a global climatology of cloud properties, and ice crystal
habit is no exception. In this study, a new approach is developed for discerning effective cirrus ice crystal shape
from dual-satellite measurements that, when applied to current and, especially, possible future satellite systems,
may provide relatively high temporal and spatial distributions of this important parameter. Additionally, it can be
used to assess the errors in current techniques that derive ice cloud optical depth with the assumption of a constant

particle shape.



During the last two decades, data from several intensive field experiments [e.g., Randall et al. 1996,
Raschke et al. 1998, McFarquar and Heymsfield 1996, Toon and Miake-Lye 1998] have shown the complexity and
variability of cirrus cloud microphysical properties. In situ observations [e.g., Heymsfield 1975, Heymsfield et al.
1984, Heymsfield 1993, Krupp 1991, Francis et al. 1994] have revealed the range of ice crystal habits occurring in
several mid-latitude and a few equatorial cirrus clouds. These studies spurred the development of more realistic
models of ice crystal optical properties [Takano and Liou 1989; Macke et al. 1996a, 1996b; Yang et al. 1998]
based on local precise observations. Several techniques using spaceborne observations have been developed to
study the global variability of microphysical properties at a global scale. The split-window method using two
infrared channels [e.g., Inoue 1985, Giraud 1997] has been used determine effective ice crystal size for some
cirrus clouds. A visible infrared solar-infrared split window technique (VISST) has been used to derive cloud
phase and effective ice crystal size assuming hexagonal column shaped crystal distributions from sun-synchronous
[e.g., Minnis et al. 1997] and mid-inclined [Minnis et al. 1999] orbiting satellites. Minnis et al. [1993] used optical
depths derived from two satellites simultaneously viewing the same clouds to distinguish water droplets from
hexagonal ice columns. With the advent of more sophisticated sensors that measure reflectances and polarization
at two or more angles from a single satellite, it became possible to determine effective particle shape [Baran et al.
2000; Chepfer et al. 2000] and degree of orientation [Chepfer et al. 1999]. However, these new techniques are
restricted in time and space coverage because the information content in the multiangle views is limited by
similarities in the ice crystal phase functions over a large range of scattering angle. The greatest reflectance
differences among the various ice crystal shapes occur in the backscattering direction (i.e., near 180°). Thus, the
combination of measurements from near backscattering with those from an angle away from backscattering should
provide the best sensitivity for distinguishing the effective shape of ice crystals.

A new imager, the Earth Polychromatic Imaging Camera (EPIC), has been built and integrated into the
Triana satellite that was designed for placement in a Lissajous orbit at the L1 point [Valero et al. 2000]. The EPIC
is a 10-channel CCD instrument that will measure ultraviolet, visible, and near-infrared radiances each hour with a

nominal sub-satellite resolution of 8 km. All of the channels match one or more of those currently operating on
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imagers carried by low-Earth orbit (LEO) and geostationary Earth orbit (GEO) satellites. The planned elliptical
orbit around the Earth-Sun line (ESL) will vary slowly from 3° to 15° off of the ESL. At this location, the EPIC
will view nearly all sunlit locations on the Earth at scattering angles between 165° and 177° depending on the time
of the orbit.

The goal of the current paper is to demonstrate the potential for exploiting such viewing conditions by
coupling the nearly continuous Triana EPIC data or similar near-backscatter data from a subset of LEO or GEO
measurements with reflected radiances measured nearly simultaneously from any other GEO or LEO satellite to
retrieve cirrus cloud effective ice crystal shape. The crystal shape estimation method matches reflectance of the
same cloud parcel measured at a common visible wavelength (~0.65 um) from two different viewing directions.
With the Triana and several other satellites, it should be possible to obtain unprecedented temporal resolution and
spatial coverage of effective particle shape and size. More limited time and space coverage can be obtained with
various pairs of LEO and GEO satellites. Section 2 is devoted to a theoretical sensitivity study highlighting the
limitations and the potential of the proposed retrieval technique. Section 3 demonstrates the estimation technique
applied to currently operating satellites using combinations of angles that would be viewed by Triana and another

satellite. Sections 4 and 5, respectively, are devoted to discussion and conclusion.

2. Sensitivity study

To study the sensitivity of the bidirectional reflectances observed by a pair of satellites to ice crystal shape,
the reflectances at two scattering angles @ were computed for different kinds of cirrus clouds: the first direction
corresponds to observations from a satellite like Triana (@ = 168°, 175°) and the second one to another satellite.
To facilitate the discussion, the satellite in the near-backscatter position is, hereafter, referred to as Triana. The
computations of solar light reflected by the atmosphere containing a cirrus cloud must include the optical
properties of ice crystals composing the cirrus clouds (Sect. 2a) and multiple scattering effects using a radiative

transfer code (Sect. 2b).



2.a. Ice crystal optical properties

It is assumed here that all of the cloud particles, except water droplets, are crystals composed of ice water
that are randomly oriented in space. The retrieval of cirrus cloud microphysical properties from space-borne
observations requires an a-priori choice of several microphysical models that effectively cover the variety of
different microphysical properties observed so far. In-situ observations have mainly documented mid-latitude
cirrus clouds and rarely other types of cirrus clouds like those found in the Tropics. The optical properties of other
types of crystals not yet or rarely observed will not be represented in the selected range of crystal types.

During the last two decades, several computational techniques have been developed to derive ice crystal
optical properties. Each of them is adapted to shapes and/or sizes of ice crystals as follows (see Mishchenko
[1996] for a review).

(1) Mie theory is used to compute spherical ice crystal or water droplet properties for various size distributions
in different wavelength domains.

(11) The simple Geometric Optics (GO) technique [e.g., Wendling et al. 1979, Takano and Liou 1989] enhanced
with Fraunhofer diffraction is sufficient for single non-spherical ice crystals having simple shapes, like
hexagonal columns and plates, and a large size compared to the wavelength (typically adapted to visible
wavelengths for large cirrus cloud ice crystals).

(iii)  Improved application of the GO method can be used to compute properties for more complex crystal
shapes like bullet rosettes, hollow columns, aggregates [ Takano and Liou 1995], polycrystals [Macke et al.
1996a], and non-perfect crystals having rough surfaces [Macke et al. 1996b, Yang et al. 2000].

(iv) A recent advancement has adapted the computation to particles having a size comparable to the wavelength
by taking into account interference between the rays in using the FDTD ( Finite Differential Time Domain)

method [Yang and Liou 1996, 1998].



(v) The most recent improvements have led to the computation of optical properties for different particle size
distributions of non-spherical particles [Yang et al. 2000] allowing a more accurate simulation of ice crystal

mixtures deduced from local in-situ observations.

With the latest improvements in the computation of ice crystal optical properties, the number of possible
optical characteristics for space-borne retrieval is unlimited. Nevertheless, no single ensemble of microphysical
characteristics chosen a-priori could begin to effectively account for the entire spectrum of cirrus cloud
microphysical properties. To cover a representative range, however, model particle shapes were selected

following the subjective criteria listed below:

optical properties used in previous or current space-borne retrieval to allow for future comparisons

- optical properties including the different types of ice crystals collected with in-situ observations (e.g., contrails
and frontal cirrus clouds)

- optical properties including the extreme behavior of scattering phase functions in the range of scattering angles

considered in the current remote sensing application (90° < © < 180°).

Those criteria led to the selection of 14 different sets of optical properties.

- Eight correspond to prescribed size distributions and mixes of different shapes. Of these, three correspond
to the two extremes and the middle behavior of the different sets currently used in the Clouds and Earth's
Radiant Energy System (CERES) cirrus cloud retrieval [Minnis et al. 1998]; three others correspond to the two
extremes and the middle behaviors currently used in the Moderate Resolution Imaging Spectroradiometer
(MODIS) cirrus cloud retrieval; one is for ice crystals with a rough surface [Yang et al. 2000]; and the last one
is the polycrystal used by the International Satellite Cloud Climatology Project (ISCCP, Schiffer and Rossow

[1999]) for ice cloud optical properties.



- Four correspond to monocrystals from Macke [1996a] for a given particle size large compared to the
wavelength.
- Two correspond to liquid water spheres.

The properties for each set of model shapes are summarized in Table 1 and examples of their scattering phase
functions are plotted in Figure 1. At the wavelength of interest (0.65 um), the particle size plays a minor role and
only weakly influences the scattering phase function of the crystals in the angles of scattering used for the current
retrieval (80° - 180°) Hence, the following sensitivity study and application will mainly be for determination of
cloud effective particle shape. The term “effective shape” is used here because the parameter of interest is a shape
or combination of shapes that has a scattering phase function that best produces the observed radiances. Other
shapes or combinations of sizes and shapes may produce the same effect, but, for the sake of simplicity, the effect

is referenced to one of the assumed microphysical models above.

2.b. Radiative transfer computations

To account for cloud multiple scattering effects, as well as the effect of Rayleigh scattering and surface albedo,
the ice crystal optical properties are used in the adding-doubling code of De Haan et al. [1987] to compute top-of-
atmosphere (TOA) reflectances. The atmosphere is divided into 3 different homogeneous layers: the cirrus cloud
layer, and the above- and below-cloud atmosphere layers composed exclusively of molecules. The surface albedo
is taken into account as a limiting condition at the ground.

The bidirectional reflectance was derived for various values of optical thickness for each of the cirrus types
using several solar zenith angles & between 20° and 60°. The lower limit (20°) corresponds to the minimum value
observed most frequently by satellites, while the upper value (60°) roughly corresponds to the limit of confidence
in plane-parallel radiative transfer computations. The computations were performed at 0.65 um, a wavelength
common to most satellite imagers. The TOA reflectance is only weakly influenced by Rayleigh scattering at this

wavelength (i.e. the cloud altitude will not have a significant impact on the computed radiances). The TOA



reflectances were computed for 8 different scattering angles selected based on the range of satellite viewing
directions. To simulate the Triana views, scattering angles & of 175° and 168° are considered, while for the
LEO and GEO satellites, the range of most frequently occurring scattering angles [Minnis et al. 1998] is covered
by using @-= 60, 90, 105, 120, 140, 150, and 160° in the computations, where the subscript 2 refers to the second

satellite in the Triana-LEO/GEO pair.

2.c. Results

The results are plotted as reflectance in a given direction (&, ranging between 90 and 160°) as a function of
the reflectance at &r. This representation has the advantage of being independent of the cloud optical depth, which
is an unknown variable for this remote sensing study. The results shown in Figures 2 - 6 are for cirrus clouds
located between 9 and 11 km above a Lambertian surface with an albedo a; = 0.03 (ocean), composed of different
types of ice crystals or water droplets, and observed at 5 different scattering angles. The dual-angle reflectances at
8, = 40° are shown in Figure 2 for the models corresponding to the different effective particle sizes in the CERES,
MODIS, and water droplet distributions. Except for @ = 60°, the three CERES reflectance curves show some
slight separation due to effective particle size and the particular combinations of hexagonal column aspect ratios
used to construct the various size distributions. Overall, the separation between these curves is less than that seen
between the CERES models and the other shapes except for & = 60° and 150°. The three MODIS results are also
slightly separated for similar reasons, but are more distinct from the other curves than from each other. It is clear
that most of the separation between the various models is due to crystal shape and secondarily to effective size.
For clarity, only the middle MODIS and CERES curves are plotted hereafter, and the mono-crystals (columns,
plates, bullet-rosettes and compacts) are discussed in the text (not plotted)

Figure 3 shows the dual-angle reflectance diagrams for all of the models at g, = 20°. Figures 4 and 5 show
the same plots for &, = 40° and 60°, respectively. Figures 2 - 6 show that the dual-angle reflectance curves for ice

crystals are distinct from those for liquid water droplets for all viewing directions, except at two angles. At &, =



60° and 140°, the Mie scattering phase function crosses the ice curves (Figure 1); the latter angle corresponds to
the rainbow peak. Reflectances from the other directions are potentially useful for discriminating the cloud
thermodynamical phase. Moreover, at & < 150°, the curves are sensitive to ice crystal shape. As O decreases,
the separation between the curves for the different shapes increases. The various monocrystal curves cover the
largest range of values.

Because the different scattering phase functions are strongly variable close to the backscattering direction,
some of the same plots have been constructed for another Triana scattering angle, @7 = 168°, in Figure 6. The
curves show the same tendency as those at 175° but with slightly less distinction between the different ice crystal
types. At @ = 150°, the phase function values are similar to those at 168° and 175°for most of the ice crystal
models. Thus, there is minimal information about particle shape when ©.,= 150°. Values of @, between 160°
and 165° would be more useful than those between 150° and 160°. Because of those phase function similarities,
150° could also serve as @; for pairs of angles that include ©,< 140°. Calculations of reflectances for all pairs of
angles between 60° and 150° (not shown) demonstrated that @7 = 150° is second only to ©; between 165° and
180° for distinguishing particle shapes. Thus, the use of the Triana scattering angles for dual-angle viewing should
most often provide the optimal conditions for determining ice crystal shapes.

Figure 7 shows examples of similar computations for a cirrus cloud composed of one particle type,
polycrystals, over different surface types: sea (a; =0.03), land (a; = 0.15) and desert (a; = 0.30). Similar
computations performed for various solar zenith angles showed that the surface albedo influences the reflectance
curve more for thin clouds at low solar zenith angles and low scattering angles (@ <100°). The influence of
surface albedo on the separation of the reflectance curves can be neglected when the reflectance exceeds 50%.
Otherwise, the bidirectional reflectance characteristics of the underlying surface must be taken into account.

The impact of multi-layer clouds was studied following the same method and revealed that the behavior of
the reflectance curves is modified only when a thin cirrus cloud (7< 2) is located above a thick low level cloud.

When 71 exceeds 2 for the upper cloud, the relative behavior of the curve is negligibly influenced by the lower
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cloud. Because of this it may be concluded that the retrieved shape only corresponds to particles with the layer
between the top of the cloud down to an optical depth of 2 or so.

From the results in Figures 2 - 6 and from other computations, it is concluded that the remote sensing of ice
crystal shape with the current method will be most effective in the following situations:
- high values of Or(closer to 177° rather than 165°),
- low scattering angle (@-<150°) from the complementary satellite,
- high values of solar zenith angle.

To simplify the comparisons and discussion, the 14 scattering phase functions are grouped in four different classes:

class A, includes the scattering phase functions corresponding to the upper level of curves on the reflectance

diagram : isccp, modis_rough, and plates,

class B, includes upper mid-level curves: modis 1, modis 2, modis_3, and bullet-rosettes,

class C, includes low mid-level curves: ceres _nov, ceres_contrails, ceres_big, columns and compacts

class D, includes low-level curves: the two liquid water phase functions spheres_6 and spheres_8.
It is assumed that the reflectance curves within each of these classes are similar enough such that one of the

models in the class can represent the others.

3. Case studies

3.a. Data set

To test the capability of determining cirrus particle shape by combining Triana data with other satellite
imagery, several cases of satellite observations with the proper viewing and illumination angles were developed
for comparison with the simulations. First, visible data from a satellite viewing a scene containing extensive cirrus
clouds with @ between 165 and 178° is selected, then matched with coincident data from another satellite. This

procedure is most easily accomplished by using at least one GEO satellite with any other coincident satellite.
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Here, the eastern Geostationary Operational Environmental Satellite (GOES-8 or G8) always provides one view
while the GOES-10 (G10) at 135°W, the NOAA-14 Advanced Very High Resolution Radiometer (AVHRR), and
the Visible InfraRed Scanner (VIRS) on the Tropical Rainfall Measuring Mission (TRMM) satellite provide the
matching views for a variety of cases.

The visible channel on each of the satellite imagers was normalized to the G8 visible channel following the
procedures of Nguyen et al. [1999]. Briefly, mean visible brightness counts or radiances were computed for 0.5°
latitude-longitude boxes from each satellite dataset for areas that were viewed by both satellites within a few
minutes of each other at nearly the same angles. The GOES visible (VIS) channel (0.65 um) data are usually
provided in 10-bit counts (CNT) while the VIRS and AVHRR VIS data are given in radiance. In the
normalization procedure, the radiances are converted to GOES-equivalent radiances Ls by multiplying the
observed radiance by the ratio of 526.9 Wm™ um™ to the solar constant of the particular satellite. A linear
regression fit is then computed forcing the radiance to zero at the space count of the GOES. For both G8 and G10,
the nominal space count is 28.5. Figure 8 shows the scatterplots and resulting linear fits used to normalize G8 to

VIRS and G10 to G8 for matched data taken during October 1999. For Figure 8a,

LG =0.8934 CNTGg - 25.5,

and for Figure 8b,

Lg=0.6426 CNTgyo - 18.6.

The standard estimates of the errors (SE) in these fits are 6 and 8%, respectively. Similar normalizations were

performed for the remaining cases. The SE varied from 6 to 12% overall. The uncertainties in the fits are 1.6 and

1.0%, respectively. The relative calibration of the two instruments is most important here as an error in the curves
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will produce a bias. Thus, the uncertainties in the fits provide the best estimate for assessing the impact of the
intercalibration on the retrievals.

The radiance for a given pixel is then used to compute the reflectance,

0=1Lc/5269 1, &,

where O is the Earth-Sun distance correction factor and u, is cosé,.

The reflectance dataset for comparing with model calculations like those in Figures 2 - 6 was constructed from

these normalized reflectance data using the following procedures and constraints.

Two satellite images are collocated in space and time with time differences less than 15 minutes.

- One satellite image has some Triana viewing geometry (165 < ©< 177°).

- For each of the two images, the means and standard deviations of p and infrared (11 pm) temperatures 7 are
computed for each grid box in a 0.25° x 0.25° (or 0.5° x 0.5°) latitude-longitude grid over the domain
containing the Triana scattering angles.

- Some of the grid boxes contain only ice clouds (7' < 240 K).

- Only the grid boxes containing more than 20 pixels for each image with reflectance and temperature standard
deviations less than 10% are considered, in order to reject strongly inhomogeneous clouds.

- For a given image pair, the cloud area is divided in several sub-areas corresponding to a 5° range in 8,, €, and
relative azimuth angle, in order to assume constant angles and constant surface albedo in the simulation
calculations for the sub-area.

The uncertainty in the relative calibrations is assumed to be the error in the linear fits which is less than 2%. The

different cases, summarized in Table 2, include cirrus and liquid water clouds observed above the central USA, the

western North Atlantic, the Caribbean Sea, and the eastern North Pacific, with &, varying between 20 and 70°.
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3b. Results

Plates 1 and 2 show the imagery, angles, and reflectance ratios for two cases listed in Table 2. In Plate 1, a
low pressure system centered over Oklahoma during 31 October 1999 contains a core with ice (see colder clouds
in the IR image) surrounded by water clouds except on the eastern side of the image. The G8 (GOES East)
scattering angles vary from 167° to 171° while the G10 (GOES West) angles range from 119° to 122°. G10
measures smaller reflectances than G8 over all scenes except for some of the cold clouds. The reflectance ratios
for the water clouds are generally between 0.80 and 0.90 and exceed 0.90 for the ice clouds with the greatest
values on the eastern edges of the cirrus clouds. Thus, some difference between the ice and water clouds is clearly
evident in the ratio imagery. Plate 2 shows another storm system over the central USA during 11 March 2000.
The G8 scattering angles are between 177° and 179° while those for G10 are between 111° and 114°. The colder
ice clouds are northeast of the warmer water clouds. Again the reflectance ratios are generally less than 0.9 for the
warmer clouds and between 0.9 and 1.2 for the colder clouds.

The results for the 31 October 1999 case (Platel) are plotted in Figure 9. All of the data for the warmer
clouds fall close to the water droplet reflectance curve, while most of the points for the colder clouds lie between
the CERES and MODIS curves. The scatter in the ice crystal points, corresponding to the wide range of
reflectance ratios in Plate 1, is considerable, perhaps, reflecting substantial variability in the types of crystals at
cloud top. Cloud phase differences are very distinct, however.

Figure 10 shows the results obtained for 11 March 2000 at 1600 UTC (Fig. 10a), 1630 UTC (Fig. 10b),
1700 UTC (Fig. 10c, see Plate 2) and 1730 UTC (Fig. 10d). To a first approximation, these plots can be
considered as a picture of the microphysical evolution of these clouds. In all cases, the warmest pixels are closest
to the water droplet curves, while the colder pixels have significant scatter for a given G8 reflectance. At 1600
UTC, the mixed (7 between 240 and 258K) and cold (7 < 240K) pixels are between class D and class C (mixtures
of water spheres and columns), then mostly line up with the class C (CERES and column) models by 1630 UTC.

By 1700 UTC, the colder pixels are centered more on the class B (bullet rosettes and MODIS) than on the class C
14



models. At 1730 UTC, the points are closest to the bullet rosette and compact curves (not shown), suggesting a
mixture of classes B and C. Although the cloud system moved during the hour and half, the observations mostly
include the same cloud parcels, so that the changes in dominant crystal type seen in Figure 10 may reflect the
dynamical evolution of the cloud.

Figure 11a shows the results of the comparisons between the G8/VIRS observations and the simulations for
1 October 1999. All of the selected pixels correspond to ice cloud (7' < 240 K). Both observed scattering angles,
169° and 178°, are close to the backscatter direction, but correspond to substantial differences in most of the phase
functions thus leading to a large separation between the different computed reflectance curves. The vertical scatter
is negligible compared to that seen in Figures 9 and 10. For this case, the model corresponding to modis_rough
(class A) ice clouds is best suited to explain the observations. Figure 11b, corresponding to 5 September 1999,
shows that the CERES models are explain these observations better than the other models.

Ten additional cases were analyzed following the same method used for Figures 9-11. A first attempt to
classify the different results obtained for the cases studied is summarized in Table 3. In this table, the best fit (or
fits) to the observations is given when it can be clearly determined. When no simulations clearly fit data, the two
microphysical models surrounding the data are selected because a mix of different ice crystal types (see Figure 9)
may be responsible for the scatter. The reflectance levels are also indicated in Table 1. Most of the clouds were
optically thick because of the high reflectance levels that were encountered. Of the 28 cloud systems, 71% were
predominantly Class B and/or C, 39% included significant amounts of Class A, and 14% had mostly class D
crystals or droplets. Cloud reflectances were mostly above 45%, except for March 13 when they ranged between
30 and 45%.

Except for March 3, all of the multi-image cases during March 2000 show a very consistent progression of
ice crystal shapes from 1600 through 1730 UTC. A mixture of water droplets and columns dominate at the earliest
time, followed by a combination of the Class C (CERES) and B (MODIS) models, and, finally, by mixtures of
class A and B ice crystals. The March 3 sequence differed only at 1730 UTC when no class A crystals were

observed. The five tropical Pacific results showed no dominant class of crystal shape except for the August 28,
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2000 case which revealed few Class A shapes. Class B and C models were found most often for the two

subtropical Atlantic cases.

5. Discussion

The ice crystal shapes found in these case studies further demonstrate that the ice crystal types in cirrus
clouds are highly variable. From these results, it can be concluded that the use of a single model or set of models
without explicit identification of the shape can lead to significant errors in optical depth retrieval from a single
measured reflectance value. Although not conclusive because of the small sample, it appears that use of either the
CERES or MODIS models will result in similar levels of uncertainty with minimal bias, on average. Because they
are complementary, however, the resulting biases should be opposite in sign. The use of models closer to the
extremes of those considered here (e.g. water droplets and class A) will probably yield more biased optical depths
in the mean. Many more cases should be analyzed before arriving at any firm conclusions about the statistical

representativeness of any of the models because only a few thick systems and no thin cirrus were examined.

a. Uncertainties

It can be concluded, however, that the proposed dual-angle approach proposed can be used to determine
cloud-top phase and retrieve effective cloud particle shape although the scatter in the data around the reflectance
curves suggests that such an approach may yield relatively uncertain results. However, other studies using in situ
or remotely sensed data have documented the highly variable nature of cirrus microphysical properties (e.g.,
Heymsfield 1993, Spinhirne et al. 1996]. Thus, the variability of ice crystal shape suggested by most of the results
in Table 3 may be the norm for cirrus clouds, while the homogeneity apparent in Figure 11 may be atypical.
Despite the expectation of a wide range of results over a large cloud system, there are a number of other sources of
uncertainty that should be considered.

The relative calibrations of the two satellites will not contribute to the scatter, but will shift all of the data

points in one direction relative to the computed curves. For the present study, the calibration uncertainty is less

16



than 2%. . It corresponds typically to the size of the squares used to plot observations in Fig. 9-12, so this
uncertainty will still allow discrimination between the 4 different classes of particles (A, B, C, D). Thus, the
calibration uncertainty would not introduce large errors in particle shape for most of the angular configurations.
Random errors in the retrieval would be introduced primarily by temporal and spatial mismatches in the fields of
view. Navigational errors and differences in pixel sizes and locations result in slightly different fields of view for
each set of matched points. The degree of mismatch depends on the quality of the pixel registration for each
satellite and the size of the area (number of pixels) used for each data point. The navigation uncertainty in the
planned Triana images should be around 2 km, similar to that for other satellite images. This uncertainty is small
compared to the size of many cirrus clouds (hundreds of square kilometers) and should not significantly affect the
shape retrieval, except at the cloud edges.

A larger source of scatter in the results is the temporal mismatch. Because cirrus clouds often move at high
speeds and may undergo significant changes in a short time, the time difference between the two images can be a
critical factor for retrieving an accurate cloud particle shape. Time differences up to 15 min between the 2
satellites were used in several of the cases because it is likely that the EPIC will take an image at least every 30
min. Increasing the size of the averaging area for the matched data should reduce the noise introduced by cloud
motion because a larger area decreases the proportion of mismatched area within the averaging region. For
example, at a given wind speed of 100 km h™', half of the area would be mismatched for a 50 km x 50 km box
compared to 100% for a 25 km x 25 km region. Figure 12 illustrates this point with data from G8 and G10 images
taken 15 min apart 26 August 2000. The mean reflectance pairs computed for 0.25° x 0.25° latitude-longitude
boxes (Figure 12a) show a great deal of scatter with some points outside the range of the models while others
appear to be water droplets. When averaged over a 0.50° x 0.50° box, the number of data points is reduced by
more than a factor of four but the extreme points are eliminated. The new points either line up with the ceres curve
or fall between the modis and Isccp reflectance curves. Thus, although the number of points is reduced for a given
area, increasing the averaging area yields more realistic results. While increasing averaging area can reduce the

scatter, it cannot account for changes in the particle shape during the time interval between images. As seen in
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Figure 10, the particle shapes appear to change rapidly in the course of only 30 min. To obtain a more complete
accounting of the errors due to time differences in the images, it will be necessary to perform a more detailed study
using a greater number of images taken in the mid-latitudes and tropics where the wind speeds are often high and
low, respectively.

The radiative transfer computations used here assume a plane-parallel cloudy atmosphere, which is not
always realistic. The cirrus cloud heterogeneities and structure can lead to a more scattered ensemble of points
and, therefore, to a more uncertain retrieval of the particle shape. In those cases, the variance of the cloud
temperature, as measured in the window channel by several of the GEO/LEO satellites can be used as a criterion to
select the cloud with minimal horizontal inhomogeneities, which may limit the application of a plane-parallel
approximation. Moreover, the impact of vertical inhomogeneities on bi-directional radiances at 0.65 pUm has been
studied by Yang et al (2001) in considering real vertical profiles of crystal shapes within the cirrus cloud : for
optically thick clouds with an optical around 10 the radiance value is modified of less than 3% depending on the
vertical structure, for thin cirrus clouds (optical depth of 1) this can reach a maximum of 5% for certain viewing
scattering angles. Most of the cirrus clouds used in this study were optically thick and required little consideration
of the background reflectance. Because many cirrus clouds are optically thin, it will be necessary to account for
the anisotropy of the background reflectance to retrieve an accurate particle shape and to determine the sensitivity
to the brightness of the underlying surface, which can be land, ocean, snow, or another cloud. The cases used here
mostly included high altitude clouds so any differences due to Rayleigh scattering are negligible. The errors
introduced by not including ozone absorption are also negligible because the path lengths for the two views differ
only by the cos@ differences, resulting in less than 1% error for all of the cases.

The results in these case studies are very realistic in that the water droplet models fit the warm cloud data
points closely and the other data points fall within the bounds given by the model curves, except for the data in
Figure 12a. Some independent means of confirming the results will be needed to fully validate the retrievals.

Either in situ or other remote sensing techniques are needed to verify these results. Additionally, only the particle
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shapes within the top portion of the cloud are retrieved with this and most other available techniques. Thus, it will
be necessary to evaluate how well this retrieved shape represents the cloud overall. That assessment is critical for

using this approach to derive cloud ice water path.

b. Implementation

The dual-angle method for determining cloud particle shape could be implemented with any pair of
collocated satellite images that are sufficiently contemporaneous. From the theoretical calculations, it is clear that
use of one satellite that views near the backscattering direction and another viewing at @ < 150° is the most
efficient and accurate combination of images. Such complementary geometry is occasionally available with
current operational and research satellites, but is not particularly consistent and provides limited sampling
capabilities. Use of a satellite in L1 orbit, like Triana, as the backscattering satellite would be the most effective
means for implementing this method. Thus, one scenario for implementing the technique using Triana with other
satellites is outlined here.

Pixels from a complementary satellite imager having a resolution of 4 km or better would first be analyzed
with a selection of reflectance and emittance models representing a range of cloud particle shapes like those in
Table 1 to derive optical depth and particle size (e.g., 9, Mace et al. 1998, Minnis et al. 1999). The results would
then be used to predict the reflectance at the Triana view using the derived pair of particle size and optical depth
for each shape. The anisotropy of surface reflectance, Rayleigh scattering, and atmospheric absorption would be
taken into account when calculating the Triana-view reflectances. These reflectances would then be averaged to
match the corresponding Triana field of view and compared with the reflectance observed from Triana. The
closest match would then be selected as the particle shape. In this or a similar fashion, it should be possible to

obtain both particle size and shape, and, subsequently, ice water path (e.g., Minnis et al. 1998).
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6. Concluding remarks

Cirrus cloud optical properties need to be better quantified at a global scale with the highest time and space
resolution possible to determine their global radiative impact and role in the hydrological cycle. This paper
examined the potential of using the EPIC imager on the future Triana satellite coupled with other satellite
observations to retrieve the ice crystal shape in cirrus clouds nearly continuously in time for the sunlit half of the
Earth. This method is based on the sensitivity of the reflectance collected in two different directions to the ice
crystal shapes. Those two directions will be observed simultaneously by Triana at scattering angles, 165°-177°,
and by another LEO or GEO satellite in another direction. Based on a theoretical sensitivity study, it is shown that
cloud thermodynamical phase can be deduced from such observations when the second satellite's scattering angle
ranges between 60° and 150°, except at 60° and 140°. Moreover, the reflectance pairs corresponding to at least
three different classes of effective ice crystal shape are distinct. The separation between the pairs is always
possible if the second scattering angle is less than or equal to 150°, but it is more strongly marked for the greater
values of the Triana scattering angle (e.g., 175° rather than 168°), and for high solar zenith angle (e.g., 50° rather
than 20°).

A simulated Triana data set was constructed using current in-flight satellite observations collected above
the USA and adjacent marine areas. Cases from this data set were used to check the capability of the method for
retrieving effective particle shape. In general, the models can account for the variation in the observed reflectance
pairs, except when the time difference approached 15 min. In those cases, larger averaging areas eliminated the
points that fall outside of the theoretical curves. Mixtures of columns, compacts, and bullet rosettes were the most
common types of models matching the data points. The natural variability of cirrus cloud effective particle shapes
is quite evident in the observation-model comparisons. Although not conclusive, the results indicate that the
models currently used by CERES or MODIS for retrieving ice particle size are reasonable but not applicable to all

cirrus clouds. However, a much larger sample of data points is needed to make any firm conclusions. A
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progression of changes in particle shape occurred over a 2-hour period in several mid-latitude cyclone cloud
systems. Additional validation is needed to determine if the cloud fields actually evolve in the observed manner.

It is concluded that this approach has some potential for discriminating effective particle shape in cirrus
clouds and can, at a minimum, be used to assess the errors introduced by assuming one particular particle model
for retrieving cirrus cloud properties. However, if this technique is implemented using a combination of data from
an L1 platform like Triana and a set of LEO and GEO satellites, it should be possible to obtain a nearly complete
daytime survey of cloud particle shapesize,and, subsequently, estimates of ice water path for improved

understanding and modeling of cirrus clouds.
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Figure Captions

Plate 1. Imagery, scattering angles, and reflectance ratios for G8 and G10 data used in 1700 UTC, 31 October 1999

casec.

Plate 2. Same as Plate 1 except for 1700 UTC, 11 March 2000 case.

Figure 1. Scattering phase functions of the 14 different ice crystal types selected for shape retrievals.

Figure 2. Simulations of reflectances for pairs of scattering angles using 3 ceres, 3 modis, and 2 sphere models.

Figure 3. Reflectance at a given scattering angle @, as a function of reflectance at ©r= 175° for different cirrus
cloud microphysical characteristics over a sea surface for @, values of (a) 60 (b) 90 (¢)105 (d)120 (e)150 and (f)
160°. 6, =20°.

Figure 4. Same as Figure 2 for & =40°.

Figure 5. Same as Figure 2, except for & = 60°.

Figure 6. Same as Figure 5 except for &= 168°, and &, (a) 60 (b) 120 (c) 150°.

Figure 7. Same as Figure 2 except for a cirrus cloud composed of polycrystals over a range of surface albedos.

Figure 8. Scatterplot and linear regression fit of a) G8 counts and VIRS radiance and b) G10 counts and G8

radiance for matched fields of view over ocean during October 1999.

Figure 9. Comparisons between simulations and G8-G10 observations for 1700 UTC, 31 October 1999.

Figure 10. Comparisons between simulations and G8-G10 observations for 11 March 2000 at (a) 1600 (b) 1630 (c)
1700 (d) 1730
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Figure 11. Comparisons between simulations and observations collected with (a) G8 and VIRS taken at 1650

UTC, 1 October 1999 and (b) G8 and NOAA-14 from 5 September 2000.

Figure 12: Comparisons between simulations and G8/G10 observations at 1652 UTC, 26 August 2000 for latitude-
longitude grid boxes of (a) 0.25° and (b) 0.5°.
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Tables

Table 1: Cloud particle models considered in the current study.

(MT = Mie Theory, GO = Geometric Optic, GOM = Geometric Optic Modified, FDTD = Finite Differential Time

Domain, Q = shape ratio)

Name Crystal Crystal Size Asymmetry Computation
shape (effective factor method
diameter - Um)
Ceres_contrail compacts + 18 77 GO
columns
Ceres_novl compacts + 75 .82 GO
columns
Ceres_big crystal  compacts + 135 .85 MT+GO
columns
Modis 1 bullet-rosettes 9 75 GO+FDTD
+ plates +
hollow column
Modis 2 bullet-rosettes 33 .80 GO+FDTD
+ plates +
hollow column
Modis_3 bullet-rosettes 79 .84 GO+FDTD
+ plates +
hollow column
+ aggregates
Modis rough bullet-rosettes 30 81 GO+FDTD
+ plates +
hollow column
Iscep polycrystals 60 .94 GO
Plates plates 40 .85 GO
(Q=0.05)
Columns columns 40 .80 GO
(Q=2.5)
Compacts compacts 40 .70 GO
(Q=1)
Bullet-rosette Bullet- 87 .83 GO
Rosettes
Spheres 6 spheres 12 .94 MT
Spheres 8 spheres 16 .94 MT
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Table 2: Cases studied. Angles are given in degrees. Asterisks indicate cases presented in figures.
@ corresponds to the solar zenith angle, @, ¢ correspond to the zenithal and azimuth viewing angles, and @is the

scattering angle.

Date Time e Location View 1 View 2
dd mm yy UTC 6 ¢y O 6 ¢y O
G8/VIRS (time difference =9 min )
011099 1650 20 I8N-80 W 20 178 179 20 150 170
* Caribbean Sea
G8/ NOAA (max. time difference = 15 min )
27 08 00 2050 63.5 - 66 33N-66 W 40 111 124 52178 166
Atlantic Ocean
0509 00 2055 66.5-70 27N-65W 33118 124 60 177 169
* Atlantic Ocean
G10/G8 (max time difference = 2 min)
311099 1700 52.5 36 N-96 W 58106 119 47 167 169
* Oklahoma, USA
10 03 00 1630 47.5 35N-95W 59 80 104 46 170 173
1700 43.5 Oklahoma, USA 5990110 16 179 178
1730 40.5 59102 119 46 170 173
1103 00 1600 52 40 N-89 W 65 80 98 48 161 165
* 1630 48 Illinois USA 66 89 103 48 169 171
1700 45.5 6698 111 48 179 176
1730 44 66 109 119 48 171 172
12 03 00 1600 57 43N-94 W 64 83 98 54 163 165
1630 53 Iowa, USA 64 90 104 53170 171
1700 49.5 6499 111 53179 176
1730 47 65109 119 53172172
1303 00 1600 56.5 34N-104 W 527398 50 165 166
1700 46.5 New Mexico, USA 53 88 108 50180 173
1730 42.5 5397114 50171 170
14 03 00 1600 50 3IN-96 W 556897 46 163 166
1630 45 Texas, USA 56 75 101 75171 170
1700 40 5784 106 43179 173
1730 36.5 5596 115 43170 170
G10/ G8 (max time difference = 15 min)
26 08 00 1622 40 — 45 EN-108 W 3311107 40 162 167
* 1652 33-37 Pacific Ocean 3210115 40 162 169
27 08 00 1622 37-41 8N —-104 W 3712 107 36 160 167
1652 29 —33 Pacific Ocean 3713114 36 161 169
28 08 00 1622 36.5-40 I2N-97W 3924107 37159 167
1652 30.5-34 Pacific Ocean 3617 114 38 162 169
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Table 3: Summary of case study results. Asterisks indicate cases presented in figures.

Date Time Class Reflectance level (%)
dd mm yy UTC A B C D 30-45 45-60 60-75 75-90
011099 * 1645 0 X X
311099 1700 0 X
10 03 00 1630 o X
1700 0 0 X X
1730 0 0 X X
1730 0 0 X
110300 *1600 0 0 X X
* 1630 0 X X
* 1700 0 X
* 1730 0 0 X
12 03 00 1600 0 0 X X
1630 0 0 X X
1700 0 0 X X
1730 0 X X
1303 00 1600 0 0 X
1700 0 0 X
1730 o 0 X
14 03 00 1600 0 0 X X X
1630 0 o) X X
1630 0 0 X
1700 0 0 X X X
1730 0 0 X X X
26 08 00 1622 0 0 0 X
1652 0 0 0 X
27 08 00 1622 0 0 0 X
* 1652 0 0 0 X
0 0 X X
27 08 00 2050
0 o X
28 08 00 1652
0 0 X X
0509 00 * 2055
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ANSWERS TO REVIEWERS

REFEREE 1

1.Following the reviewer comment, 'shapes' have been change to 'effective shape' in the title and the concluding
remarks. “Retrieval” has been changed to “Estimation” in the title since a complete retrieval algorithm has not
been introduced. An effective shape is that shape which effectively explains the observed reflectance pairs.

2.Spatial inhomogeneities:

- Vertical inhomogeneities :

The computations required by the reviewer have been published in JGR (Yang et al. 'Sensitivity of bi-directional
reflectance to vertical inhomogeneity of ice crystal habits and size distributions for two MODIS bands). One of
the two channels is 650 nm, and that paper concludes that vertical inhomogeneity effect is unimportant at 650
nm compare to wavelengths with absorption effects like 2.1 pm: at 650 nm, the impact of vertical
inhomogeneities is less than 5% for thin cirrus clouds (opt. Depth lower than 1), and less than 3% for thicker
cirrus clouds (opt. Depth around 10), this behavior is due to the multiple scattering effects that are more
important for optically thick cirrus clouds and tends to remove the impact of vertical structure. Similar
sensitivities studied have been computed (but not published) for POLDER instrument leading to the same
conclusion. The paper cited above and its main conclusions are now mentioned in the text (Sect. 5a)

- Horizontal inhomogeneities : |

In order to reject clouds with horizontal inhomogeneities, the standard deviation of the 11 pm temperature has
been computed and only clouds with standard deviation lower than 10% have been selected for the retrieval
(Sect. 3.a). Moreover, a threshold of standard deviation on the reflectance in each viewing direction was also
applied. Nevertheless, the horizontal inhomogeneity is a real limitation of cloud satellite retrieval as mentioned
in Sect. 5.a.. Several theoretical studies as proposed by the reviewer have been published on this topic
(Stackhouse, Jolivet) to point out the difficulty, but did not really propose any solution. A theoretical treatment
of the sensitivity is another paper in itself. This paper is written to introduce the technique and demonstrate that
information is available in the reflectance pairs. A full treatment of horizontal homogeneity is left for follow-on
studies.

3.As explained in Sect. 3a, the uncertainty in the relative calibration of the reflectance is less than 2%. For the
reflectances of the order 50%, this leads to values ranging between 49% and 51%, typically the size of the square
used for the observations in Figures 9-12. This uncertainty, still allows discrimination between the 4 different
classes (A,B,C,D) identified in the paper. This point is now mentioned in Sect. 5.a.

4.The changes in the effective shape obtained are not due to a change in the solar or viewing geometry, as the
variation of the reflectances with changing angles has been taken into account properly. Each case of
observations (each 30 mn) has been compared with simulations done for the angles corresponding to the exact
time of observations summarized in Table 2. The fact that the progression does not happen during March 3 belies
the geometric bias.

5. The launch date of Triana has been removed. Triana has been built and sits ready for launch. The budget issues

have not yet been resolved, nor has Triana been axed. We demonstrate the principle of using reflectance pairs to
obtain information about particle shape with the ideal cases containing measurements near backscatter as would
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be obtained by Triana. Nevertheless, other satellite combinations can be used. We have generalized the
discussion more, but leave in some references to “a satellite like Triana which has been built for observing the
Earth from the L1 position.” We also use Triana as a generalization for viewing from the near-backscatter
position.

6. The abstract has been shortened by compressing and generalizing the last part concerning Triana and removing
several other sentences. It is now less than 300 words in length.

7. 1 am afraid that the reviewer may have gotten the wrong version of Plate 2. In my version, the color scale varies
from 0.5 to 1.3. Warmer clouds are clearly 0.9 or less although some ambiguity in the color scale is evident
around 0.9. The greens seem to be smeared. We will submit a new Plate 2 with a clearer demarcation in colors.

8. The Finite Differential Time Method described by Yang and Liou (1996 and 1998) is adapted for computation
of optical properties of ice crystals with sizes comparable to the wavelength. In fact FDTD can be used for any
size parameters lower than 20. For this reason FDTD is useful for aerosol study and small ice crystals at visible
and IR wavelengths. The FDTD method was not clearly mentionned in the text, it is now mentionned. Also, the
date of the second reference Yang and Liou (1998) was wrong, it has been corrected.

9. The reference is now included. The figure number has been corrected.
10..Following the comment of the reviewer, the angles are defined in Table 2.

11. Following the comment of the reviewer, Fig. 11b is now mentioned in the text (Sect. 3b)
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REFEREE 2

General comment:

- 'shape' has been changed to 'effective shape' in the title in order be less promising and “Retrieval” has been
changed to “Estimation” since actual retrievals were not performed.

- measurement errors are of 2% as described in the Sect. 3a, and corresponds typically to the size of the squares
used to plot measurements when the reflectance is 50%. This measurement error still permits discrimination
between the 4 classes of crystals.

- figures have been improved as far as possible as described below in the Figures part.

- the fact that the method has to be validated against in-situ observations, or other remote sensing method is
mentioned at the end of Sect.5.a.

Specific suggestions:

Page 2:

Line 3: corrected
Line 21: corrected
Line 6: corrected

Page 9:

Line 13 :

In fact, at 0.65 um, the GO method is used most of the time to compute optical properties, because the crystals in
cirrus clouds are larger than the wavelength of interest.. The scattering phase function computed with GO
changes with the shape of the crystal, and is independent of its size. So, at 650 nm the particle size will have less
influence on the scattering phase function than the particle shape, and the determinations presented in the paper
are mainly signatures of the shapes.

NB : In Table 1, this fact is illustrated by the large variability of g for single shapes (g ranging between .70 and
.85). But in fact, in a smaller way, g is also influenced by the size of the crystal, through the diffraction
computation which is used in complementary of the GO to compute the phase function. Nevertheless, this
diffraction computation plays an important role on the forward scattering angles in the phase function, but not on
the angles used in our retrieval. So, again our retrieval mostly keeps the information on the shape of the crystal
and not the size.

To be more rigorous, the sentence has been changed in the text by ' At the wavelength of interest the particle size
plays a minor role and only weakly influences the scattering phase function in the angles used for the retrieval'.
The weak effect of particle size is clearly demonstrated in Figure 2.

Line 24: 60 has been changed to Bs in the text

Page 11:

1.Yes, it will still separate when using both sets of effective diameters, for the reason given above. This statement
will be right as far as the particle are larger than the wavelength (21w / A > 60, following Mishchenko IRS'96
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proceeding, p. 807), which corresponds to r > 6 pPm for the wavelength 650 nm. For smaller particles than 6 pm
(which are not used in both Ceres and Modis phase functions, and in none of the models used in the current
study), the influence of the size will be more important at 650 nm. Furthermore, the fact that the smallest particle
Modis curves do not even overlap the largest particle ceres curves is clear evidence that the shape is the main
separation factor. Nevertheless, as stated in section 5b, a retrieval method using the suggested approach would
actually derive particle size and shape simultaneously.

2.The measurement errors are primarily sensor noise which is miniscule compared to the aboslute calibration
uncertainties. The main error comes from uncertainties in the relative calibrations of the two instruments and the
time and space matching. As noted, the intercalibration uncertainty is on the order of 2%, a value that roughly
corresponds to the width of the squares used in the figures. These errors are discussed in the paper.

Page 16:

Line 19 : Done

Page 17:

Line 9 : Done. Fig. 11b is now presented in Sect. 3.b.

Page 22:

The paper focuses on the way to retrieve a best guess for the particle shape in cirrus in using dual satellite
observations. The section on implementation describes the approach for deriving particle size and shape
simultaneously. Retrieval of effective particle size and IWP is already being performed using LEO and GEO
satellites (e.g., Minnis et al., 1999, Mace, G. G.; Ackerman, T. P.; Minnis, P.; and Young, D. F.: Cirrus Layer
Microphysical Properties Derived From Surface-Based Millimeter Radar and Infrared Interferometer Data. J.
Geophys. Res., 103, 23,207-23,216, 1998; and the MODIS Science Team) assuming a particular ice crystal
particle shape or set of shapes. Thus, it is not a great leap to perform the same retrievals on a given dataset using
a variety of ice crystal-particle size models. One then predicts the reflectance at the Triana angles using the
retrieved particle size for each shape. The predicted reflectance with the closest match to the Triana observation
is then the retrieved shape. As far as we can currently tell, IWP can be estimated with reasonable accuracy using
the current methods for optically thin clouds (see Mace et al. 1998 and the CERES users guide). Certainly,
having accurate knowledge of the cloud vertical profile of particle shape, size, and concentration would be a
great boon to retrieving IWP, but current remote sensing techniques do not have that luxury. Furthermore, the
cloud truth data for IWP in thicker clouds is unavailable. It is logical to expect that the retrieval of IWP using
the combined shape/particle size method should be more accurate than simply assuming a shape, but it will not
be possible to know the accuracy until cloud truth datasets are made available. As in any method, one must
assume a profile. In the simplest case, it is assumed that the profile is the same throughout the cloud as that
retrieved from the top portion of the cloud. That profile will probably change as more knowledge is obtained.
All of the retrieval techniques are evolutionary. References are now noted for IWP and particle size retrievals.

Figures, Tables

The whole point is to demonstrate optimal angles. We did not remove any figure entirely because this type of
study has never been documented at this level of detail.
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The figures have been modified and simplified. They are now easier to understand than before, and should be
easier to follow than long discussion in the text

Figures 3 —6 have been improved in the following way:

- lengthening the y-axis

- increase the size of the text in labels and legends

- removing 4 models : columns, plates, bullet-rosettes and compact. There behavior are now discussed in the text.
- Figures 6b, 6¢, and 6e have been removed

Figure 9-12 have been clarified :

- in keeping only one (or 2 when necessary) microphysical model for each class (A,B,C,D)
- lengthening the y-xis

- increase the size of the text in labels and legends

Fig. 1: The effective radius is 8 pm, it is now written in Fig 1. Also, for clarity, we plotted only one Ceres and one
Modis model.

Fig 3a: improved as described above

Fig. 5 : it is now corrected

Figs 11a : the curve extremely deviating corresponds to the compact model, and this behavior is due to the fact that
for that case the viewing direction number 1 is associated to a scattering angle of 179° (very close to the
backscattering) and direction 2 of 170°. As you can see in Fig. 1, the contrast between direction 1 and 2 is very

large for compacts compare to others models, that explain the difference of behavior. This is not state din the text
because compacts are no more plotted in Fig. 9-12 for simplification as mentioned above.

There is no physical reason for this change of slope; this is due to the radiative computation, which we have done
at specific angles. That is why the curves do not look smooth.
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